Projection neurons (PNs) with arborizations in the sexually dimorphic "lateral large female glomerulus" (latLFG) in the antennal lobe (AL) of the moth Manduca sexta previously were shown to respond preferentially to antennal stimulation with (Ϯ)linalool, a volatile compound commonly emitted by plants. In the present study, using intracellular recording and staining techniques, we examined the responsiveness of latLFG-PNs to the enantiomers, (ϩ)linalool and (Ϫ)linalool and found that (1) latLFG-PNs are more responsive to antennal stimulation with (ϩ)linalool than with (Ϫ)linalool, (2) PNs with arborizations in a glomerulus adjacent to the latLFG are preferentially responsive to (Ϫ)linalool, and (3) PNs with arborizations confined to other glomeruli near the latLFG are equally responsive to both enantiomers of linalool. Structure-activity studies showed that the hydroxyl group in this tertiary terpene alcohol is the key feature of the molecule determining the response of enantioselective PNs to linalool. In contrast, the responses of non-enantioselective PNs are less dependent on the alcoholic functionality of linalool. Our findings show that PNs innervating a uniquely identifiable glomerulus respond preferentially to a particular enantiomer of an odor substance. Moreover, PNs with arborizations in a glomerulus adjacent to the latLFG, although less sensitive than latLFG-PNs to linalool, respond preferentially to the opposite enantiomer, demonstrating that information about stimulus-absolute configuration can be encoded in different olfactory glomeruli.
Introduction
Stereochemistry plays a significant role in structure-activity relationships of chemical messengers (Mori, 2002) . A robust example of the importance of chirality in olfaction is the ability of humans to discriminate between (ϩ) and (Ϫ) enantiomers of carvone, which smell like caraway and spearmint, respectively (Friedman and Miller, 1971) . Discrimination between enantiomers, however, may be limited to certain chiral substances, depending on the receiver (Laska and Teubner, 1999; Laska and Galizia, 2001; Linster et al., 2001) . Few studies have examined how enantiomers are represented by patterns of neural activity in the olfactory system. In the laboratory rat, activity-dependent labeling with 2-deoxyglucose and imaging of intrinsic signals revealed that enantiomers that are discriminated in behavioral tests activate distinct but overlapping sets of glomeruli (Linster et al., 2001; Rubin and Katz, 2001) , whereas enantiomers that are more difficult to discriminate evoke less distinct patterns of activation (Linster et al., 2002) . Furthermore, the complete representation of carvone in the olfactory bulb is not essential for enantiomeric discrimination (Slotnick and Bisulco, 2003) . Few attempts to relate such patterns of glomerular activation to particular types of neurons have been reported. In mice, the enantiomers of carvone activate distinct but overlapping sets of olfactory receptor cells (ORCs) (Ma and Shepherd, 2000) and mitral-tufted cells (Lehmkuhle et al., 2003) , whereas in the fly Drosophila melanogaster, these enantiomers activate similar patterns of ORCs and glomerular projection (output) neurons (PNs) (Wang et al., 2003) .
In certain species of insects, chirality is important for the specificity of ORCs tuned to components of pheromones (Tumlinson et al., 1977; Leal, 1996; Mori, 1998) . With a few exceptions (Wibe et al., 1998; Stranden et al., 2002 Stranden et al., , 2003 , however, little is known about the enantiospecificity of ORCs responding to nonpheromonal odor compounds. To our knowledge, no study in vertebrates or invertebrates has used intracellular recording to examine the enantioselectivity of PNs innervating identified glomeruli. Our ability to characterize individual PNs with arborizations in identified, recognizable glomeruli in the antennal lobes (ALs) of the sphinx moth Manduca sexta (hereinafter referred to as Manduca) makes this species a useful model for such studies.
Two large female-specific glomeruli (LFGs) are prominent in the ALs of adult female Manduca (Rospars and Hildebrand, 2000) . The LFGs might play important roles in female-specific behaviors, such us the location and selection of appropriate host plants for oviposition. We reported previously that PNs with arborizations in one of these female-specific glomeruli, the lateral LFG (latLFG), respond preferentially to antennal stimulation with (Ϯ)linalool (Roche King et al., 2000) . Linalool is found among the many volatile substances (volatiles) emitted by plants, including Manduca's host plants (Loughrin et al., 1990; Fraser et al., 2003) . The readily identifiable latLFG thus is favorable for studies of the response selectivity of uniglomerular PNs to enantiomers of a chiral odor substance. Using intracellular recording and staining methods, we examined the responses of PNs with arborizations confined to the latLFG, and of PNs of several other neighboring glomeruli, to antennal stimulation with (Ϫ)linalool and (ϩ)linalool and structurally related volatiles.
Materials and Methods
Preparation. Manduca sexta (L.) (Lepidoptera: Sphingidae), reared in the laboratory on artificial diet, were used for these studies when 1-3 d after eclosion. Animals were dissected and prepared for intracellular recording by established procedures (Roche King et al., 2000) . After the AL had been desheathed, the preparation was superfused continuously with physiological saline solution containing (in mM): 150 NaCl, 3 CaCl 2 , 3 KCl, 10 TES buffer, pH 6.9, and 25 sucrose (Christensen and Hildebrand, 1987) .
Stimulation. A few flagellameres were removed from the tip of the antenna, and that cut end of the antenna was inserted into a borosilicate capillary tube [1 mm outer diameter (o.d.), 0.75 mm inner diameter (i.d.); A-M Systems, Carlsborg, WA] filled with physiological saline solution. This capillary tube served both as a holder to position the antenna and as an electrode for monitoring antennal [electroantennogram (EAG)] responses to olfactory stimulation. The EAG signal was amplified 50-fold through a DC electrometer (M-707, WPI Instruments, Sarasota, FL). An L-shaped glass tube (1 cm i.d.; long leg, 15 cm; short leg, 9 cm), with its outlet at ϳ15 mm from the antenna, delivered a constant flow of humidified, charcoal-filtered air at a velocity of 1.9 l/min. The outlet of the tube, flattened to 0.5 ϫ 1.5 cm, was aimed at and aligned with the longitudinal axis of the antennal flagellum. Odor substances were injected into the air stream via a motor-driven syringe olfactometer (Selchow, 1998) . The tip of a stimulus syringe mounted in the olfactometer was inserted into a hole in the side of the glass tube, 11 cm behind the outlet. The olfactometer was activated by a computer-controlled command pulse (customized ASYST software; Keithly Instruments, Rochester, NY). For each trial, a single pulse (2 ml, 200 msec) was delivered from the syringe to the antenna by injection into the air stream. Thus, odor stimuli injected (at a velocity of 10 ml/sec) into the air stream (flowing constantly at 32 ml/sec) were diluted ϳ1:4. A funnel connected to a negative-pressure line was positioned near and behind the preparation to remove odors after stimulus delivery.
The odor substances used in this study ( Fig. 1 ) were as follows: [purities reported by the manufacturers except for (ϩ)linalool]: (1) from coriander oil by preparative gas chromatography (stationary phase: 2,6-dimethyl 3-pentyl-␥-cyclodextrin; column: 2 m ϫ 5.3 mm i.d. run at 75°C): (ϩ)linalool [(ϩ)3,7-dimethyl-1,6-octadien-3-ol, 99 .9% pure based on gas chromatographic analysis]; (2) from Fluka (Buchs, Switzerland): (Ϫ)linalool [(Ϫ)3,7-dimethyl-1,6-octadien-3-ol; catalog #62139, Ͼ95%], ocimene (3,7-dimethyl-1,3,6-octatriene, catalog #74730; ϳ95% mixture of isomers), and 2-octanone (catalog #53220; Ͼ97%); (3) from Sigma-Aldrich (St. Louis, MO): (ϩ)␤-citronellene [(ϩ)-3,7-dimethyl-1,6-octadiene; catalog #27475, Ͼ98.5%], (Ϫ)␤-citronellene [(Ϫ)3,7-dimethyl-1,6-octadiene; catalog #27477; Ͼ90%], nerol (cis-3,7-dimethyl-2,6-octadien-1-ol, catalog #26890-9; 97%), geraniol (trans-3,7-dimethyl-2,6-octadien-1-ol; catalog #G-5135; 98%), trans-␤-myrcene (7-methyl-3-methylene-1,6-octadiene; catalog #M10,000 -5; 92.5%; hereinafter referred to as myrcene), benzyl alcohol (catalog #30519-7; 99.8% pure), hexan-1-ol (catalog #47142; 99%; hereinafter referred to as hexanol), geranylacetone (trans-6,10-dimethyl-5,9-undecadien-2-one; catalog #32867-7; 96% pure), (Ϯ)2-octanol (catalog #O-450-4; 97%), and (Ϯ)␤-citronellol [(Ϯ)3,7-dimethyl-6-octen-1-ol; catalog #C8,320-1; 95%]; and (4) from Tokyo Chemical Industries (Tokyo, Japan): cis-3-hexenyl acetate (catalog #H2137; Ͼ97%) and cis-3-hexenyl benzoate (catalog #B1039; Ͼ98%). Except for citronellene, all of these compounds are found among the volatiles emitted by host plants of Manduca (Andersen et al., 1988; Loughrin et al., 1990; Fraser et al., 2003) . The enantiomeric composition of linalool emitted by those plants has not been reported.
Single odor compounds were diluted in odorless mineral oil (SigmaAldrich; dilutions ranged from 1:10 to 1:10,000 v/v). Fifty microliters of the final dilution were applied to a 25 mm disk of Whatman no. 1 filter paper and inserted into a capped 20 ml plastic syringe (Norm-Ject; Henke Sass Wolf, Tuttlingen, Germany). The volatile compound was allowed to equilibrate in the syringe for 4 hr at room temperature before use. Control syringes contained 50 l of mineral oil alone. Syringes were stored at 4°C until use. At a dilution of 1:1000, the load of odor substance on the filter paper ranged from 38 g for citronellene to 52 g for benzyl alcohol. The concentration of linalool reaching the antenna was calculated on the basis of the actual measurements of the parameters of the relationship between liquid (percentage volume/volume) and vapor phases [parts per million (ppm)] (Cometto-Muñiz et al., 2003) . At a dilution of linalool of 1:1000, the concentration of compound reaching the antenna was calculated to be 1.7 ppm.
Intracellular recording and staining. Sharp microelectrodes were made from borosilicate glass with filament (1 mm o.d., 0.58 mm i.d.; Sutter Instruments, Novato, CA) on a laser puller (P-2000, Sutter Instruments). The tip of the micropipette was filled with a 3% solution of Lucifer yellow (Sigma-Aldrich) in 0.2 M LiCl, and the shaft was filled with 2 M LiCl (electrode resistances ranged from 150 to 350 M⍀). The responses of the impaled neuron to stimulation of the ipsilateral antenna were amplified (10ϫ with an Axoclamp-2A; Axon Instruments, Foster City, CA), monitored on an oscilloscope, and digitized at 20 kHz using an interface (Digidata 1200 series Interface, Axon Instruments) and Axoscope software (Axon Instruments). Data were analyzed with custom-made programs written in Matlab (The Mathworks, Natick, MA).
After physiological characterization, neurons were injected with Lucifer yellow by passing hyperpolarizing current (0.2-0.5 nA) for 6 -40 min. The duration of intracellular impalements, including both recording and dye injection, was variable (average ϭ 20 min; maximum ϭ 40 -50 min). Odor compounds in the first two rows are monoterpenoids. The pairs of enantiomers of linalool and citronellene appear in the first row. Note that (ϩ) and (Ϫ)citronellene are identical to (ϩ) and (Ϫ)linalool, respectively, except for the presence of the hydroxyl group at the stereogenic center in linalool. Nerol and geraniol are stereoisomers (cis and trans isomers of 3,7-dimethyl-2,6-octadien-1-ol, respectively). The bottom row shows aromatic and aliphatic alcohols (benzyl alcohol and hexanol, respectively).
After completion of an experiment, the brain was excised and immersed in 2.5% formaldehyde fixative solution, pH 7.2, for at least 3 hr, dehydrated through a graded series of ethanol solutions, and cleared with methyl salicylate (Sigma-Aldrich). Cleared brains were imaged as whole mounts (optical sections, 2 m thick) with a laser-scanning confocal microscope (Nikon PCM 2000, equipped with a 457 nm argon laser). Results were obtained from a total of 36 neurons from 36 animals. Of these, 30 PNs were stained successfully and hence could be characterized morphologically. Thirteen of these morphologically characterized neurons had arborizations in the latLFG glomerulus. Six other neurons could not be positively characterized, but their odor-response profiles indicated that they were latLFG-PNs (see caption to Fig. 7A ). Brains were returned to 100% ethanol and embedded in Spurr's resin (Electron Microscopy Sciences, Ft. Washington, PA) for sectioning at 48 m.
For three-dimensional reconstructions, brains with filled cells were rehydrated, immersed overnight in 4% glutaraldehyde fixative solution, pH 7.3, dehydrated, cleared, and imaged as whole mounts (optical sections, 0.6 m thick). The borders of the AL, the LFGs, and the glomerulus receiving arborizations of the neuron of interest were reconstructed using Amira software (Konrad-Zuse-Zentrum für Informationstechnik, Berlin, Germany).
Statistics. One-or two-way repeated-measures ANOVAs were performed to test whether the responses of neurons to different odor compounds and concentrations differed statistically. Significant results ( p Ͻ 0.05) were followed by post hoc Tukey tests (Zar, 1999) .
Results

Responses of latLFG-PNs to enantiomers of linalool
The LFGs reside near the entrance of the antennal nerve into the AL and are among the largest glomeruli in female Manduca (Rospars and Hildebrand, 2000) . On the basis of their positions and sizes, these glomeruli are easily identifiable. The latLFG lies against the lateral edge of the AL and slightly anterior to the medLFG (Roche King et al., 2000) (Fig. 2) , at a depth of ϳ200 -250 m from the anterior surface of the AL. Three PNs with dense dendritic arborizations restricted to the latLFG are shown in Figure 2C -E. As reported previously (Roche King et al., 2000) , these neurons had their somata in the medial group of ALneuronal cell bodies and an axon projecting from the AL, through the inner antennocerebral tract, to higher brain centers, including the calyces of the ipsilateral mushroom body and the lateral protocerebrum ( Fig. 2 F) . The 13 latLFG-PNs (each obtained from a different animal) described in this study shared this same basic morphology and were classified as type PIa neurons (Homberg et al., 1988; Roche King et al., 2000) .
Intracellular recordings obtained from morphologically characterized latLFG-PNs showed that these neurons responded more sensitively to antennal stimulation with (ϩ)linalool than with (Ϫ)linalool (Fig. 3) . The responses to both enantiomeric forms of linalool grew stronger with increasing concentrations (Fig. 3) . Twelve morphologically characterized latLFG-PNs, obtained from 12 different animals, were tested with (ϩ) and (Ϫ) linalool at a 1:1000 dilution. The response to the (ϩ) enantiomer (net number of spikes) was much stronger than the response to the (Ϫ) enantiomer (one-way repeated-measures ANOVA: df ϭ 2,22; F ϭ 90.78; p Ͻ 0.00001; Tukey test: p ϭ 0.00014). The net number of spikes evoked by stimulation with (ϩ) and (Ϫ) linalool were 16 Ϯ 1.5 and 3.6 Ϯ 1.2, respectively (means Ϯ SEM; n ϭ 12). In some cases (Ϫ)linalool failed to evoke a response (Figs. 3, 4 , PNs 1, 6, 7 and 10). Moreover, the response to the (ϩ) enantiomer was statistically more different from the blank than the response to the (Ϫ) enantiomer (Tukey tests: p ϭ 0.00014 and p ϭ 0.025, respectively).
The odor-response profiles of the 13 latLFG-PNs examined in this study were qualitatively consistent from animal to animal: in all cases, (ϩ)linalool evoked a stronger response than (Ϫ)linalool that was stimulus-locked to the odor pulse. Individual PNs, however, differed in their sensitivity to linalool, as indicated by the variation in instantaneous spike frequency (ISF) evoked by antennal stimulation with this compound (Fig. 4) .
The primary response of latLFG-PNs to antennal stimulation with linalool consisted of an excitatory phase with spiking, followed by an inhibitory phase characterized by membrane hyperpolarization and suppression of spiking (Fig. 3) . Figure 5 shows a quantitative analysis of the physiological response properties of eight latLFG-PNs (one per animal) that could be tested with (Ϫ)linalool and (ϩ)linalool at two concentrations (1:100 and 1:1000, v/v). At both concentrations, stimulation with (ϩ)linalool evoked a statistically greater number of spikes, greater peak and summed instantaneous spike frequencies, and more prolonged excitatory and inhibitory phases than did stimulation with (Ϫ)linalool (two-way repeated-measures ANOVAs: in all cases, p Ͻ 0.005) (Fig. 5) . The delay to the onset of the excitatory phase of the response was significantly shorter when (ϩ)linalool was used as the stimulus (two-way repeated-measures ANOVA: p Ͻ 0.005) (Fig. 5) . For both enantiomers of linalool, we observed a significant increase in the intensity of all response parameters (in the case of the onset delay, a decreased latency) with increasing stimulus concentration (two-way repeated-measures ANOVAs: in all cases, p Ͻ 0.01) (Fig. 5) .
To examine more thoroughly the relationship between PN enantioselectivity and stimulus concentration, five latLFG-PNs (each from a different animal) were tested with a wider range of stimulus dilutions from 1:10,000 -1:100. In all neurons, and at all concentrations tested, (ϩ)linalool evoked a stronger response than did (Ϫ)linalool (Fig. 6) . We next asked what structural features of (ϩ)linalool are necessary to evoke a response from latLFG-PNs. We stimulated nine (ϩ)linalool-selective neurons with (ϩ)citronellene and (Ϫ)citronellene, an odor compound identical to linalool except for the absence of the hydroxyl group linked to the stereogenic center at the third carbon (Fig. 1) . Even at elevated concentrations, both enantiomers of citronellene failed to evoke responses from these neurons (Figs. 3, 7A) . Figure 7B shows an example of responses of a latLFG-PN to antennal stimulation with different concentrations of several volatiles, all of which except citronellene are emitted by host plants of Manduca. Although structurally similar to linalool, the monoterpenoids citronellene, ocimene, myrcene, and geraniol did not evoke a response from this PN. In contrast, both nerol (a stereoisomer of geraniol) and hexanol evoked excitatory responses, but only when presented at the highest, probably nonphysiological, concentration (1:10). At that concentration, benzyl alcohol evoked a few spikes. In another latLFG-PN, 2-octanol also evoked an excitatory response at the 1:10 concentration, but the corresponding ketone, 2-octanone, did not (data not shown). The selectivity for (ϩ)linalool, among the compounds in the test panel, was observed in seven latLFG-PNs (several neurons could be tested with only a subset of odor compounds and concentrations). These results also indicate that the presence and position of the hydroxyl group in the linalool molecule are key determinants for activating the inputs to latLFG-PNs.
PNs preferentially responsive to (؊)linalool
In contrast to the latLFG-PNs, which responded preferentially to the (ϩ) enantiomer of linalool, we also recorded from five PNs (one per animal) that preferred (Ϫ)linalool over (ϩ)linalool (Figs. 8, 10 A) . In four animals, (ϩ)linalool failed to evoke a response from these PNs. These enantioselective PNs had arborizations confined to a glomerulus adjacent to the latLFG [glomerulus no. 15 described by Rospars and Hildebrand (2000) ], a cell body in the lateral group of AL-neuronal cell bodies, and an axon projecting from the AL to the calyces of the ipsilateral mushroom body and the lateral horn of the protocerebrum (Fig. 8) . The relative position of the LFGs and of the glomerulus housing the arborizations of the (Ϫ)linalool-responsive PNs are shown in the reconstruction in Figure 9 .
Although they could discriminate the two enantiomeric forms of linalool, these PNs were less sensitive to (Ϫ)linalool than the latLFG-PNs were to (ϩ)linalool. This suggests that a structurally related compound, but not (Ϫ)linalool itself, might be the optimal stimulus for these PNs. We analyzed the structural features of (Ϫ)linalool that were needed to evoke responses from these PNs. Antennal stimulation with compounds lacking the hydroxyl group, such as (Ϫ)citronellene, (ϩ)citronellene, myrcene, and ocimene, evoked no response (Fig. 10 B) . The monoterpene alcohol geraniol evoked an excitatory response [slightly more effectively than (Ϫ)linalool], whereas nerol (its stereoisomer) did not (Fig. 10 B) . Antennal stimulation with another monoterpene alcohol, citronellol, also excited this neuron (data not shown). Among the nonmonoterpene alcohols, only hexanol evoked a response, but at very high concentrations (Fig. 10 B) . The terpenoid ketone geranyl acetone and the ester cis-3-hexenyl acetate evoked responses only at a 1:10 dilution, whereas cis-3-hexenyl benzoate did not produce a response (data not shown). This odor-response profile was observed in at least two other (Ϫ)linalool-sensitive PNs, although not all odor compounds and concentrations could be tested. Thus, as observed for latLFGPNs, the presence of the hydroxyl group in a particular position in the linalool molecule is important for stimulating the inputs to these enantioselective PNs. Figure 2C . This projection neuron was tested by antennal stimulation with the odor compounds and concentrations indicated (v/v). Stimulus onset and duration (200 msec) are indicated by the solid line below each record. The arrows indicate the arrival of the stimulus to the antenna (calculated from the EAG responses). At 1:1000, (Ϫ)linalool evoked no response. The response to (ϩ)linalool was stronger than the response to (Ϫ)linalool and was dose dependent. Ocimene and both enantiomers of citronellene evoked no response even when tested at high concentrations. Insets show 300 msec segments on an expanded time scale. The vertical line serves as a time reference for those insets. Calibration: 5 mV, 500 msec. Figure 11 , A and B, shows confocal microscopic images of two PNs that responded equally well to antennal stimulation with either enantiomer of linalool. In this study we recorded from 12 such PNs. All of them had arborizations restricted to glomeruli situated in the vicinity of the latLFG, but none was associated with the latLFG itself. Eleven of these PNs had cell bodies in the lateral group of AL-neuronal cell bodies, and one had cell bodies in the medial cell group. Two of these neurons had arborizations restricted to the same glomerulus, the so-called anterodorsal glomerulus (ADG) (Roche King and Hildebrand, 1999) ; one is shown in Figure 11 B. Figure 11C shows the physiological responses of a PN to stimulation with (Ϫ)linalool and (ϩ)linalool. Some PNs responded to antennal stimulation with low concentrations of linalool ( Fig.   Figure 4 . Plots of instantaneous spike frequency versus time for 10 of the latLFG-PNs included in this study (of a total of 13 latLFG-PNs, all sharing the same enantioselectivity). Representative responses of each projection neuron to antennal stimulation with the mineral oil blank and (Ϫ)linalool and (ϩ)linalool at a concentration of 1:1000 are shown. The onset of the 200 msec stimulus is indicated by the vertical dotted line in each column. All latLFG-PNs showed a higher instantaneous spike frequency when the ipsilateral antenna was stimulated with (ϩ)linalool than when it was stimulated with (Ϫ)linalool. In several cases (PNs 1, 6, 7, and 10), (Ϫ)linalool failed to evoke a response. PNs were numbered in order of ascending peak instantaneous spike frequency.
Neurons that do not discriminate between enantiomers of linalool
Figure 5. Responses of latLFG-PNs (grouped data)
. Eight morphologically characterized latLFG-PNs, each from a different animal, were tested with one to four presentations of two concentrations of (Ϫ) and (ϩ)linalool and the mineral oil blank. Averages were calculated for each neuron, odor compound, and concentration. Data are represented as means Ϯ SEM (n ϭ 8 in all panels except C). A, The net number of spikes during the excitatory phase of the response (the mean number of spikes during the prestimulation period was subtracted); B, the peak ISF measured during the excitatory phase of the response; C, the delay, calculated as the time elapsed between the arrival of the odor stimulus to the antenna (calculated from the EAG responses) and the first spike evoked by the odor stimulation; D, the sum of the ISF during the excitatory period of the response; E, the duration of the excitatory response (time elapsed between the first spike and the last spike evoked by the odor stimulation); F, the duration of the inhibitory phase of the response (time elapsed from the end of the excitatory response to the return of background activity). Because some neurons did not respond to all concentrations and enantiomeric forms of linalool, statistics about the delay ( C) were calculated for five of the eight neurons tested. (ϩ)lin, (ϩ)linalool; (Ϫ)lin, (Ϫ)linalool. In all cases, responses to (ϩ)linalool were statistically different from responses to (Ϫ)linalool (two-way repeated-measures ANOVAs: in all cases, p Ͻ 0.005). The response to both enantiomeric forms of linalool increased with concentration (two-way repeated-measures ANOVAs: in all cases, p Ͻ 0.01). Interactions between factors were not statistically significant (in all cases, p Ͼ 0.05). df ϭ 1,7 (in C, df ϭ 1,4).
11 D), whereas others responded only to stimulation with higher concentrations (Fig. 11 E) . At both concentrations, the responses to (Ϫ)linalool and (ϩ)linalool, measured as the net number of spikes evoked by odor stimulation, were not significantly different [one-way repeated-measures ANOVAs followed by Tukey tests: responses to (ϩ) and (Ϫ)linalool were different from the blank ( p Ͻ 0.005) but not from each other ( p Ͼ 0.05)] (Fig.  11 D, E) .
To test which structural features of linalool were required by these PNs, we tested some of these neurons with the odor compounds shown in Figure 1 . Figure 11C shows an example of a neuron that responded equally well to stimulation with (Ϫ)linalool and (ϩ)linalool, (Ϫ)citronellene, (ϩ)citronellene, geraniol, nerol, ocimene, and myrcene (responses to the last three odor compounds are not shown). This PN did not respond to stimulation with the nonterpenoid alcohols hexanol and benzyl alcohol. In contrast, PNs with arborizations in the ADG (Fig. 11 B) did not respond to stimulation with odor compounds lacking a hydroxyl group (data not shown). Thus, in the first example, it appeared that neither the alcohol functional group nor the absolute configuration of the molecule was a critical determinant for evoking the response. In the second example, the presence of the functional group in a particular arrangement seemed to be necessary. Furthermore, we found that some of these nonenantioselective PNs might be tuned not to linalool but to other, related monoterpenoids. For example, another PN responded equally well to both enantiomers of linalool but gave a stronger response when tested with even lower concentrations of geraniol (but not with its stereoisomer, nerol; data not shown). These results suggest that other structural features of linalool, besides its stereogenic center, are important in determining the response in these non-enantioselective PNs.
Discussion
We analyzed the enantioselectivity of specific olfactory glomeruli by intracellular recording from and staining of individual PNs (output) in the AL of female Manduca. We focused on linalool, a chiral volatile emitted by plants, including the host plants of Manduca, and found (1) that latLFG-PNs are significantly more responsive to antennal stimulation with (ϩ)linalool than with Figure 6 . Dose-response profiles of latLFG-PNs (grouped data, mean Ϯ SEM), constructed by plotting the net number of spikes (relative to the maximum) as a function of concentration (log scale) of the stimulus compounds, (Ϫ) and (ϩ)linalool (E and f, respectively); OE indicates responses to the mineral oil blank. Recordings were obtained from five neurons from five different animals. Four neurons were morphologically characterized as latLFG-PNs (one is shown in Fig. 2 E) ; the fifth neuron was not stained intracellularly and therefore could not be characterized morphologically, but its odor-response profile indicates that it was a latLFG-PN. In all five cases, (ϩ)linalool evoked a stronger response than (Ϫ)linalool across the range of concentrations tested. Different neurons, however, exhibited different sensitivities to linalool [the net number of spikes evoked by stimulation with (ϩ)linalool at the highest concentration ranged from 29 to 44 (average ϭ 37; n ϭ 5)]. Not all neurons were tested with the five concentrations plotted, but all were tested with at least three: the highest concentration (1:100), one of the lowest (1:10,000 or 1:5000), and one concentration in the middle of the range (1:1000). , and the mineral oil blank (black bar). In the bars, (Ϫ) and (ϩ) indicate the enantiomers of the stimulus compounds. Each of the nine neurons was more sensitive to (ϩ) than to (Ϫ)linalool. Both (ϩ) and (Ϫ)citronellene, although tested at a concentration 100 times higher than linalool, failed to evoke a response. Note that the only difference between linalool and citronellene is the presence of the hydroxyl group in linalool (Fig. 1) . Four of the neurons were morphologically characterized as latLFG-PNs. The remaining five neurons could not be characterized morphologically with confidence, but their odorresponse profiles were consistent with their being latLFG-PNs. Means coded by different lowercase letters differ significantly (repeated-measures ANOVA: df ϭ 4,32; F ϭ 48.39; p Ͻ 0.000001; followed by post hoc Tukey tests: p Ͻ 0.0005). Means coded by same lowercase letters do not differ statistically (Tukey tests: p Ͼ 0.05). B, Net number of spikes as function of concentration for a morphologically characterized latLFG-PN stimulated with both enantiomers of linalool and citronellene and with geraniol, nerol, hexanol, myrcene, ocimene, and benzyl alcohol. Open and closed symbols indicate alcoholic and nonalcoholic compounds, respectively. (ϩ)Linalool evoked the strongest response from this PN; the alcohols hexanol and nerol elicited excitatory responses but at a much higher concentration. Geraniol (a stereoisomer of nerol) and benzyl alcohol elicited very weak responses at the highest concentration tested (1:10). At that high concentration, the monoterpenoids myrcene, ocimene, and (Ϫ)citronellene were not effective, whereas (ϩ)citronellene evoked a few spikes. Data points represent averages of one to four stimulus trials. Altogether, these results suggest that the presence of the hydroxyl group, in a particular configuration, is necessary to evoke a response from latLFG-PNs.
(Ϫ)linalool, (2) that PNs with arborizations in a glomerulus adjacent to the latLFG are more responsive to (Ϫ)linalool, and (3) that PNs innervating other glomeruli in the vicinity of the latLFG cannot discriminate between the two enantiomers of linalool. Structure-activity studies revealed that the presence of the hydroxyl group in the linalool molecule is a key determinant for activating the inputs to these enantioselective PNs. Although a small number of odorous molecules were tested, our results suggest that the molecular receptive range (Mori et al., 1992 ) of a glomerulus can be limited to few structurally related odor compounds, including enantiomers.
Without exception, all 13 latLFG-PNs examined in this study were more responsive to (ϩ)linalool than to (Ϫ)linalool. In these neurons, antennal stimulation with (ϩ)linalool consistently evoked a greater instantaneous spike frequency, a greater number of spikes, longer excitatory and inhibitory phases, and a shorter delay to onset of the excitatory response than stimulation with (Ϫ)linalool (Figs. 3-5 ). These effects were dose dependent, i.e., the response increased with increasing concentration of the odor stimulus (Figs. 5, 6 ). We found that PNs innervating a glomerulus adjacent to the latLFG responded much better to (Ϫ)linalool than to (ϩ)linalool (Figs. 8, 10 ). Our observations indicate that this was the glomerulus 15 described by Rospars and Hildebrand (2000) (Fig. 9) . Finally, we found a group of 12 PNs with arborizations in sexually isomorphic glomeruli, mostly in the vicinity of the latLFG, that responded equally well to stimulation of the antenna with either (Ϫ)linalool or (ϩ)linalool (Fig. 11) . Our observation that PNs innervating glomeruli in close proximity to one another have complementary response profiles underscores the importance of studying individual neurons associated with identifiable glomeruli.
Our findings are in line with investigations in diverse species confirming that glomeruli are functional units dedicated to synaptic processing of primary-afferent information about a particular odor compound, related compounds, or a certain molecular attribute(s) of the odor compound(s). Most of these studies, which are based on imaging using various different activity mark- ers, have revealed that odor compounds evoke spatially organized combinatorial patterns of neural activity in the vertebrate olfactory bulb (Mombaerts et al., 1996; Friedrich and Korsching, 1998; Rubin and Katz, 1999; Belluscio and Katz, 2001 ) and the insect AL (Joerges et al., 1997; Carlsson et al., 2002; Hansson et al., 2003) . These patterns are dose dependent, i.e., they are sparse at low concentrations and become denser and less odor specific at high concentrations (Friedrich and Korsching, 1997; Rubin and Katz, 1999; Cohen, 2001, 2003; Ng et al., 2002; Wang et al., 2003) . In most cases, however, the types of cells responsible for the imaged patterns are not known [but see Ma and Shepherd (2000) , Wachowiak and Cohen (2003) , and references below], making it difficult to draw conclusions about the functional significance of imaged activity patterns.
The importance of probing the cells underlying glomerular activity patterns is evident in previous work. In Drosophila, two studies reported that similar glomerular activity patterns emerge from imaging either ORCs or PNs (Ng et al., 2002; Wang et al., 2003 , while using intracellular recording techniques, Wilson et al. (2004) showed that local interneurons drastically alter these patterns. In honey bees, AL circuitry transforms antennal inputs into Figure 10 . Responses of morphologically characterized projection neurons that were more responsive to (Ϫ)linalool than to the (ϩ) enantiomer. A, Net number of spikes (mean Ϯ SEM; n ϭ 5) evoked by stimulation with (Ϫ) and (ϩ)linalool, at a 1:100 concentration, and the mineral oil blank. All PNs had arborizations confined to glomerulus 15 [described by Rospars and Hildebrand (2000) ], adjacent to the latLFG. Means coded by different lowercase letters differ significantly. The response to (Ϫ)linalool was statistically different from the responses to the blank and (ϩ)linalool [repeated-measures ANOVA (df ϭ 2,8; F ϭ 12.67; p Ͻ 0.005) followed by Tukey tests ( p Ͻ 0.015 and p Ͻ 0.005, respectively)]. The response to (ϩ)linalool was not statistically different from the blank (Tukey test: p Ͼ 0.05). B, Net number of spikes as a function of concentration (mean Ϯ SEM; average of 1-5 trials) for a (Ϫ)linalool-sensitive PN when stimulated with both enantiomeric forms of linalool and citronellene as well as nerol, geraniol, myrcene, ocimene, hexanol, benzyl alcohol, and the mineral oil blank. Open and closed symbols indicate alcohol and nonalcohol odor compounds, respectively. Stimulation with volatiles lacking the alcohol group failed to evoke a response. Note that the monoterpenoid alcohol geraniol evoked an excitatory response, slightly stronger than that elicited by (Ϫ)linalool, whereas its stereoisomer, nerol, did not. The morphology of this neuron is shown in Figure 8 , A and B. Altogether, these results suggest that the presence of the hydroxyl group in a particular position in the linalool molecule is a key determinant in triggering responses in these enantioselective PNs. a more restricted glomerular pattern of activated PNs Galizia, 2002, 2003) . In moths, the responses of male-specific PNs are shaped by inhibitory interglomerular interactions that fine-tune glomerular output (Vickers et al., 1998; Lei et al., 2002) .
The present study illustrates the utility, in studies of glomerular function, of using odor stimuli that are biologically relevant and presented at naturally occurring concentrations, as well as the importance of correlating odor-response profiles with morphologically characterized types of neurons. Intracellular recording and staining methods enabled us to show that PNs with arborizations in an identified glomerulus were more sensitive to (ϩ)linalool than to (Ϫ)linalool over a range of concentrations (Fig. 6) . Moreover, at low concentrations, in the range close to that found in natural stimuli (Fraser et al., 2003) , some latLGFPNs did not respond to (Ϫ)linalool (Fig. 4) .
In Manduca females, a calcium-imaging study, in which odorevoked signals most likely reflected the activity of antennal ORCs, showed that (Ϯ)linalool activated an area in proximity to, but more medial than, the LFGs (Hansson et al., 2003) . Because the LFGs lie at a depth of 200 -250 m from the anterior surface of the AL, they cannot be properly imaged using conventional methods of fluorescence microscopy. A possible explanation for the reported observations, therefore, is that the source of the light emitted from deeper glomeruli might have been unclear or misinterpreted. Nevertheless, our results are consistent with the calcium-imaging data in that we also found that linalool activated PNs in sexually isomorphic glomeruli (Figs. 10, 11) , although latLFG-PNs were more sensitive to and selective for linalool (compare Fig. 11 with Fig. 5 ). Moreover, it is likely that certain sexually isomorphic glomeruli are most responsive not to linalool but to one or more linalool-like odor compounds (Fig. 10) .
It is known that structural features of odor compounds, such as their functional groups, carbon-chain length, and the presence of double bonds, determine the perceived odor quality (Laska et al., 2000; Kay et al., 2003; Wiltrout et al., 2003) as well as the ligand specificity of recognition by ORCs (Malnic et al., 1999; Araneda et al., 2000; Fuss and Korsching, 2001 ). In the rat olfactory bulb, patterns of glomerular activation are reportedly determined primarily by the functional groups of odor compounds (Johnson et al., 1998; Uchida et al., 2000) , and structurally related odor compounds activate adjacent regions (Mori et al., 1992; Belluscio and Katz, 2001 ). In contrast, Sachse et al. (1999) reported that in honey bees, the molecular receptive ranges of glomeruli depend mainly on chain length, and information about functional groups is present only in the entire glomerular activity pattern. We found that the presence of the hydroxyl group in the linalool molecule is a key structural feature determinant for activating the inputs of certain PNs. The latLFG-PNs failed to respond to antennal stimulation with either enantiomeric form of citronellene, a compound lacking the hydroxyl moiety but otherwise identical to linalool, even when presented at high concentrations (Figs. 3, 7A ). Other monoterpenoids that share structural features with linalool but do not bear a hydroxyl group also did not evoke a response. Other alcohols evoked responses but only at very high, probably nonphysiological, concentrations (Fig. 7B) . Similar structure-activity relationships were observed for (Ϫ)linalool-sensitive PNs (Fig. 10 B) . In contrast, the structural features of linalool that were required to activate nonenantioselective PNs were more variable. The presence of the hydroxyl group was necessary (but not sufficient) in the case of ADG-PNs, whereas some PNs with arborizations in other glomeruli responded equally well to structurally related compounds whether or not they possessed hydroxyl groups. Because each glomerulus is believed to receive synaptic input from ORCs expressing the same receptor protein (Gao et al., 2000; Vosshall et al., 2000) , recordings from PNs are informative about the ligand specificities of the ORCs projecting to the glomeruli innervated by those PNs. Thus, our results are consistent with the idea that each ORC receptor recognizes specifically a key portion of an odor molecule (Malnic et al., 1999; Pilpel and Lancet, 1999; Araneda et al., 2000; Floriano et al., 2000; Singer, 2000; Uchida et al., 2000) .
(ϩ)Linalool is an important component of the mateattractant pheromone in the solitary bee Collectes cunicularius. Behavioral studies showed that although both enantiomers elicited similar antennal responses, males clearly distinguish between the enantiomers . The behavioral significance of linalool for Manduca, however, is incompletely understood. Linalool is one of many volatiles emitted by plants, including host plants of Manduca (Loughrin et al., 1990; Raguso and Pichersky, 1999; Fraser et al., 2003) , but the enantiomeric composition of the released linalool has not been determined. Systemic release of linalool from the vegetative parts of tobacco (a Manduca host plant) in response to larval-feeding damage causes reduction in the rates of oviposition by Manduca females (De Moraes et al., 2001; Kessler and Baldwin, 2001) . Thus, it is possible that the latLFG contributes to the sensory assessment of potential oviposition sites. Another possibility is that the latLFG processes information about components of a putative pheromone produced by a scent organ in the male moth (Birch et al., 1990) . In this regard it is noteworthy that (ϩ)linalool is one of the components of the male pheromone in another moth species (Landolt and Heath, 1990) .
Finally, the enantiomeric preferences of glomeruli processing sensory information about linalool suggest that the ratio of (ϩ) and (Ϫ) enantiomers of linalool emitted by plants could be important for the behavior of females. Studies in progress address this possibility.
